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Introduction
Neutrophil gelatinase-associated lipocalin (NGAL) is a 25 kDa glycoprotein of the lipocalin family, which consists of a single disulfide bridged polypeptide chain of 178 amino acid residues that is stored in granules of neutrophil leukocytes [1] . Although the major source of plasma NGAL are neutrophils it is also found in monocytes, hepatocytes, endothelial and smooth muscle cells, renal tubular cells [2, 3] . It has been linked to acute tubular kidney injury, chronic kidney disease progression, neutrophil activation and atherogenesis [4] .
The most important biological functions of NGAL are the transport of small, hydrophobic ligands thus mediating inflammatory response and inhibition of bacterial growth [5, 6] . Inflammatory activity is mediated through binding to chemotactic peptides, leukotrienes, and platelet-activating factor [7, 8] . NGAL is upregulated in endothelial dysfunction and inflammatory vascular damage [9] [10] [11] . Elevated NGAL expression was also noted in atherosclerotic plaques and was associated with infiltrating inflammatory cells, thrombus formation, plaque hemorrhage, and central necrosis [3, 10, 12] . Furthermore, aldosterone induces metalloproteinase-9 (MMP-9) and MMP-9/NGAL protein complex in neutrophils [13] . Formation of this complex with MMP-9, which is an important mediator of plaque instability and vascular remodeling, may be involved in plaque rupture.
Circulating NGAL may indirectly contribute to inflammatory processes, atherogenesis and subsequent progression of cardiovascular diseases [7, 9, 14] . NGAL was an independent predictor of major adverse cardiovascular events and mortality [15] [16] [17] . Elevated NGAL levels were found in the presence of CAD and correlated with the severity of cardiovascular disease (CVD) [11] . Elevated NGAL was also found in patients with acute myocardial infarction (MI), being a strong outcome predictor in patients with ST-elevation MI (STEMI) [18] . Recently a strong association of NGAL with inflammation and with 10-year outcomes in the general population was noted. Furthermore, NGAL improved cardiovascular risk stratification when added to the Framingham risk score [19] . Therefore, we investigated the predictive role of NGAL for total and cardiovascular mortality in patients undergoing coronary angiography in the LURIC cohort [20] .
Material and methods

Study design and participants
The Ludwigshafen Risk and Cardiovascular Health (LURIC) study is an ongoing prospective cohort study of patients referred for coronary angiography and is designed to evaluate the effects of biomarkers on the cardiovascular system. Study design and baseline examinations have been described previously in detail. [20] . In total, 3,316 subjects (2,309 men and 1,007 women) aged 18 to 95 years were recruited from July 1997 to January 2000 at the Heart Center researchers upon request and approval; these requests must not unreasonably be refused. This procedure implies that data cannot be released to the public without formal agreement and makes sure that the rules of good scientific practice are followed and that credit is given to the people who have been in charge of the design and the organization of the study. Interested researchers are invited to address their requests or proposals to Kai Grunwald (Kai.Grunwald@weitnauer.net) or to the Principal Investigator of the LURIC Study, Winfried März (winfried.maerz@luric-online.de). Finally, the authors confirm that they accessed these data upon approval by LURIC and that all other researchers can access the data in the same manner the authors did.
Ludwigshafen in Germany. Patients were included into the study if a coronary angiogram was performed and clinical conditions were stable with the exception of an acute coronary syndrome (ACS). In 2997 patients plasma NGAL measurements were available. No study participants were lost to follow-up. We did not record how many subjects were suitable to inclusion, but who did not give written informed consent.
Patients, who suffered from any other diseases than ACS, e.g., chronic renal failure, severe rheumatic arthritis, persistent incapacitation or a history of malignancy were excluded.
Written informed consent was obtained from each participant. The study complies with the Declaration of Helsinki and was approved by the institutional review board at the Medical Association of Rheinland-Pfalz. Detailed descriptions of the LURIC baseline examination are provided elsewhere [20] .
Brachial artery pressure values, the extent of CAD, and the severity of heart failure (HF) was assessed as described in detail previously [21] . The diagnosis of an ACS was establised when patients presented within 15 days of the beginning of disorders of unstable angina pectoris or acute MI, comprising non-ST-elevation MI (troponin T > 0.1 μg/L) and ST-elevation MI. Dyslipidaemia was defined as HDL cholesterol <1 mmol/L (40 mg/dL), and/or LDL cholesterol > 4.1 mmol/L (160 mg/dL), and/or triglycerides (TG) >2.4 mmol/L (200 mg/dL) [22] . Diagnosis of diabetes was established according to the definition of the American Diabetes Association [23] . Antihypertensive treatment [ACE-inhibitors (ACEi), Ang-II type-1 receptor blockers (ARBs), beta-blockers, calcium channel blockers, and diuretics] as well as the current smoking status were recorded accordingly.
The second follow-up of the LURIC cohort for mortality is the basis of the underlying analysis; the censoring date was June 30, 2009 . During the follow-up no patients were lost. Causes of death were extracted from death certificates. Death certificates were missing for 18 deceased participants of the 2997 individuals who were included in the analysis for total mortality but excluded from the analysis of cardiovascular mortality.
Laboratory parameters
Blood samples were drawn in the morning before cardiac catheterization, after subjects had fasted. Serum and EDTA plasma aliquots were shock frozen and stored at −80˚C for later use. Leukocytes were prepared using a whole blood lyse no-wash method, according to manufacturer recommendations (BectonDickinson). Preparations were analyzed on a four-color flow cytometer (FACSCalibur, BectoneDickinson) by standard procedures [24] .
Phlebotomy for venous blood samples was done in the morning before coronary angiography with the participants in supine position for 5-10 min before phlebotomy. Routine laboratory parameters were immediately measured whereas remaining blood samples were snap frozen for further determination and stored at -80˚C until analysis. The standard laboratory methods have been described in detail elsewhere [20] .
IDMS-traceable creatinine was determined by liquid chromatography tandem mass spectrometry (LC-MS/MS) [25] . Within-day and between-day coefficients of variation (CVs) were 4.5% (59 μmol/L) and 2.9% (477 μmol/L), and 9.6% (53 μmol/L) and 7.5% (504 μmol/L), respectively. High-sensitive (hs) C-reactive protein (CRP) and cystatin C were measured by immunonephelometry (N-High-Sensitive CRP; N-Latex cystatin C, Dade Behring, Marburg, Germany) using a Behring nephelometer II. The intra-assay and inter-assay CVs were 2.2% and 2.5%, respectively as described in detail previously [21] . The CKD Epidemiology Collaboration (CKD-EPI) equation (eGFR CKD-EPI ) was used to calculate estimated glomerular filtration rate (eGFR) [26] . Neutrophil gelatinase-associated lipocalin (NGAL) was measured in EDTA-plasma using a particle-enhanced turbidimetric immunoassay (BioPorto Diagnostics, Gentofte, Denmark) on an Olympus AU640 analyzer (Olympus Diagnostika, Hamburg, Germany). The day-to-day coefficient of variation was <3%.
Statistical analysis
Continuous parameters following non-normal distributions underwent natural logarithmic transformation. Baseline characteristics are given as percentages for categorical data, and depending on their distribution, continuous data are presented as mean±SD (normal distribution) or as geometric means with 95% confidence intervals (95%CI) (skewed distribution). Comparisons between groups were performed by analysis of variance for continuous parameters and by Pearson's chi-square test for categorical variables. We studied the effects of gender, age, CAD, and cardiovascular risk factors, on NGAL using ANOVA models in which we included those factors not under examination as co-variables; NGAL values were logarithmically transformed prior to statistical analysis. Kaplan-Meier survival function with the log-rank test for equality was used to evaluate the predictive ability of quartiles of NGAL or neutrophils with overall and CVD mortality.
Time-to-event analyses were performed using multivariate Cox proportional-hazards regression. Established cardiovascular risk factors were determined a priori as co-variables for multivariate adjustments. Besides the crude and unadjusted model, model 2 was adjusted for age (continuous variable) and gender, model 3 was adjusted in addition to age and sex for coronary artery disease (none, stable CAD, unstable CAD, NSTEMI, STEMI), body mass index (continuous variable), diabetes mellitus (coded as binary variable), hypertension (coded as binary variable), smoking (coded as never, previous or current), HDL-and LDL-cholesterol, triglycerides (all used as continuous variables), lipid lowering therapy (coded as binary variable). Model 4 was additionally adjusted for hs CRP (continuous variable), and model 5 for creatinine.
Analyses were considered significant at a 2-tailed p-value of <0.05. All calculations were performed using SPSS Version 21.0.
Results
Associations of NGAL with cardiovascular risk factors and CAD
Clinical and biochemical characteristics of the study participants with and without angiographic established CAD are shown in S1 Table. Patients with CAD had higher cystatin C and creatinine levels and consequently a somewhat higher NGAL plasma level (not significant). As expected, patients with CAD were older, male, suffered from insulin resistance or manifest diabetes and hypertension and had a history of smoking. Consequently, dyslipidemia and vascular complications were more frequent than in individuals without CAD (S1 Table) .
No differences in plasma NGAL levels were noted between male and females. However, NGAL levels increased age-dependently and were 8.7 and 12.4% higher in persons older than 60 and 70 years, respectively, as compared to those younger than 60 years (Table 1) .
Patients with stable CAD had slightly higher NGAL concentrations than individuals without CAD, but those with unstable CAD, NSTEMI, or STEMI had slightly lower NGAL concentrations (not significant). Body mass index, waist circumference, diabetes mellitus and insulin resistance were inversely associated with NGAL concentrations (Table 1) . When we looked at the NGAL levels in patients with and without CAD separately, the associations in individuals without CAD were abolished (S2 Table) .
Smoking, dyslipidemia, uric acid, triglycerides, prevalence of peripheral vascular disease, blood pressure, use of antiplatelet and lipid lowering drugs, AT1 receptor antagonists as well as calcium channel blockers were not related to NGAL (data not shown). However, HDL cholesterol was associated with lower NGAL. In contrast to this, only the 4 th quartile of LDL cholesterol was associated with a small, but significant NGAL increase (7.4% compared to the 1 st quartile). CRP was positively associated with NGAL concentrations.
eGFR was inversely related to NGAL and vice versa; likewise, NGAL increased significantly in parallel with creatinine and cystatin C which was seen in patients with CAD and individuals without CAD (S2 Table) . Finally, the 2 nd quartile of the Friesinger score showed the highest concentration of NGAL (p = 0.022), whereas values were lower in the 3 rd and 4 th quartile.
Clinical and biochemical patient characteristics according to quartiles of NGAL
Patients in the 4 th quartile of NGAL were at significantly higher age than the others, whereas no differences were noted with respect to sex (Table 2) . Interestingly, the highest percentage of diabetes was noted in the first quartile of NGAL. Conversely, significant differences were seen for blood glucose, cholesterol, triglycerides, CRP, eGFR, creatinine, cystatin C (Table 2) as well as for the use of ACE inhibitors, diuretics, antibiotics, glucocorticoids (data not shown). quartile), these data suggest an U-shaped relationship between NGAL and mortality which was true for all patients irrespective of whether they presented with stable CAD, unstable CAD, NSTEMI and STEMI (data not shown). Adjusting for creatinine abolished the significant associations of NGAL with mortality (model 5, Tables 3 and 4) . We conducted a subgroup analysis according to an eGFR greater versus smaller (or equal) 60 ml/min/1.73m 2 . All cause and cardiovascular mortality rates were considerably higher (60.3% vs. 25.1% and 42.0 vs.15.5%, respectively) in those patients with low compared to higher eGFR (>60 ml/min/ 1.73m 2 ) (Tables 5 and 6 ). ) no significant effects were seen (Tables 7 and 8 ). When we plotted eGFR, hsCRP and NGAL in a three-dimensional graph we found a rather weak association of CRP with NGAL in the eGFR range of 60-90 ml/ min/1.73m 2 , but not in those subjects with good (higher than 90 ml/min/1.73m 2 ) and reduced (less than sixty ml/min/1.73m 2 ) kidney function (S1 Fig). As expected we found a significant association between NGAL and the absolute and relative neutrophil count (p<0.001, data not shown). The 3 rd and 4 th quartiles of NGAL were significantly associated with both, higher neutrophil count and higher percentage of neutrophils. 
Discussion
In this study we investigated prospectively associations of plasma NGAL with all-cause and cardiovascular mortality in the LURIC cohort which represents an extremely well characterized population without overt kidney disease [20] . Even mildly impaired glomerular filtration, estimated by serum creatinine or serum cystatin C, or albuminuria predict cardiovascular and all-cause mortality. Consequently, chronic renal impairment is now considered a significant cardiovascular risk factor [27] [28] [29] . Our most important finding is that NGAL was independently associated with all-cause and CVD mortality. The lowest risk was seen in the third quartile of NGAL suggesting an Ushaped relationship between NGAL and mortality. Compared to conventional cardiovascular risk factors, NGAL was predictive even after adjustment for hsCRP. However, this effect was abrogated after adjustment for creatinine and eGFR. We found an inverse and highly significant nonlinear correlation of NGAL with creatinine, cystatin C and eGFR. Although eGFR appeared to associate closer with NGAL when eGFR was lower than 60mL/min/1.73m 2 we
could not prove a significant role of NGAL in patients with either reduced or normal eGFR. Similar to our results patients with CHF secondary to CAD, but with normal renal function presented with markedly elevated plasma NGAL levels compared to individuals without CAD. Importantly, the increase in NGAL independently correlated with both the NYHA stage and the estimated GFR [30] . In our study NGAL levels were associated with diabetes and insulin resistance which is supported by other investigators [31] .
As indicated by its strong correlation with each other the major amount of NGAL may be derived from neutrophils. This hypothesis is underlined by a community-based study from Copenhagen that also attributed plasma NGAL being primarily derived from neutrophils [19] . Since the main determinant of plasma NGAL are neutrophils, but monocyte-, hepatocyte-, endothelial-, smooth muscle cell-, renal tubular cells contribute also to NGAL levels the predictive role of systemic NGAL may be attenuated [2, 3] .
Unfortunately, we had no urine specimens available to examine urinary NGAL. Although NGAL was significantly associated with hsCRP it provided predictive information even after inclusion of hsCRP into the regression model; NGAL may thus reflect vascular inflammation beyond CRP. Likewise, we found statistically significant associations between NGAL and cardiovascular risk factors, similar to other investigators [15, 19] .
Published studies of NGAL are not entirely consistent with our results: In a Swedish study of 597 men, plasma NGAL was associated with all-cause mortality independent of other cardiovascular risk factors, but not after adjustment for CRP, cystatin C-based eGFR or albuminuria. In this study, however, urine NGAL was associated with increased all-cause and cardiovascular mortality even after adjustments for CRP and cystatin C-based glomerular filtration rate [32] .
Among patients with chronic kidney disease, urine NGAL was independently associated with future ischemic atherosclerotic events, but not with heart failure events or deaths [33] .
Furthermore, atherosclerosis is mediated by matrix metalloproteinases (MMPs), which are counteracted by tissue inhibitors of MMP (TIMPs) and NGAL [8, 9] . NGAL has been identified in the cytosol and in a complex containing matrix metalloproteinase-9 (MMP-9). Experimentally, vascular injury was followed by NF-kappaB-dependent expression of NGAL in vascular smooth muscle cells. NGAL obviously interacted with MMP-9, so that NGAL could modulate MMP-9 proteolytic activity in the vascular repair process [9] . Very recently it has been demonstrated that aldosterone induces MMP-9 and MMP-9/NGAL protein complex in neutrophils [13] . In general, the action of MMPs is inhibited when combined with tissue inhibitors of MMPs (TIMPs), and prolonged when these proteases bind to NGAL [34] . However, experimental data are conflicting: A significant increase in MMP9/TIMP2 complex concentration was noted in intraluminal thrombi of patients on simvastatin, but no changes in the expression of NGAL mRNA or the protein concentration of MMP9/NGAL whereas gene expression of TIMP1 in the aneurysma wall was downregulated [35] .Thus, an important role of NGAL modulating inflammation and atherosclerosis is conceivable. This is underlined by a couple of publications that attributed either a predictive role to NGAL with respect to morbidity or mortality or could show NGAL expression in atherosclerotic tissue plaques and myocardial infarction [10, 15, 19, [36] [37] [38] [39] [40] [41] [42] . It is noteworthy, that lipid lowering therapy by statins stimulates the shedding of the soluble type I transmembrane protein receptor for advanced glycation end products (RAGE), and thus ameliorates atherosclerosis via acting as a decoy for RAGE ligands [43] .
Of note is that our NGAL concentrations are considerably lower than those published by investigators who proposed a stronger predictive role for NGAL. However, these differences may be ascribed to different assay characteristics. Lindberg used an in-house time resolved immunofluorometric assay in the 4th Copenhagen City Heart Study, whereas we measured NGAL by using a particle-enhanced turbidimetric immunoassay [15, 19] . Nonetheless, we ought to keep in mind that the absence of an appropriate reference material to be used to calibrate the applied assays, lack of harmonization and differences in the specificity of these assays could explain the observed differences between the studies.
Study limitations
Timing of blood samples is an issue in the studies investigating NGAL and CAD. We measured NGAL before the invasive procedure to control for influences of contrast media and increase in NGAL due to direct damage of the kidney like ischemia-reperfusion injury possibly caused by the angiography maneuver [44, 45] . Blood drawings for determination of NGAL and other markers took place once at study entry. Therefore, it is conceivable that additional blood sampling would have provided a more accurate correlation with other inflammatory markers or would have enhanced the predictive value [46] . Furthermore, besides albuminuria also urinary NGAL compared with plasma NGAL levels would have been useful to characterize its predictive value.
Since we cannot rely on a gold-standard GFR measurement we should note that even mild reductions in kidney function, putatively not reflected by creatinine or cystatin C, could modify myocardial function and consequently increase the risk for sudden cardiac death, without any clinical evidence of CHF, coronary disease, or structural changes of the myocardium. Furthermore, our study was conducted at a single tertiary referral center and may not be representative for a random population sample. Consequently, a larger number of individuals without CAD would be desirable in the LURIC cohort. However, one of the inclusion criteria of the LURIC study was the availability of a coronary angiogram and recruitment was consecutive. Since coronary angiography is done if there is a clinical suspicion of coronary artery disease, there has been an enrichment of male cases compared to females. However, angiographybased recruitment of study participants rules out that individuals with significant, yet clinically unapparent, CAD are inadvertently allocated to the control group. Further, angiographic findings represent a continuum of changes starting from wall irregularities to severe occlusion so that we used quantitative measures of coronary atherosclerosis like the Friesinger score. We are aware that optical in vivo assessment of the coronary wall with high resolution optical coherence tomography (OCT) offers a number of specific diagnostic features to study culprit lesions in patients with different clinical presentations (e.g. NSTEMI, or STEMI) and give insight into the dynamic nature of atherosclerotic plaque formation, modification and rupture. However, unfortunately, OCT analyses are not available in the LURIC cohort, since the baseline examination took place between 1997 and 2001 and the severity of CAD was assessed using coronary angiography [47, 48] . Furthermore, we have no records on non-fatal myocardial infarction or other non-fatal endpoints as the LURIC study was designed to identify biomarkers for cardiovascular and total mortality.
Because the LURIC cohort consists mainly of elderly persons, the described associations of NGAL with mortality cannot necessarily be extrapolated to younger populations even after adjusting for age. Finally, as with any observational study, there may be residual confounding of the association of NGAL with CAD, CV diseases and all-cause mortality irrespective of statistical adjustments.
Conclusions
In the LURIC cohort plasma NGAL is independently associated with all-cause and CVD mortality even after controlling for conventional cardiovascular risk factors including hsCRP but adjustment for creatinine abrogates this effect. 
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